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ABSTRACT

Author: Stewart-Maddox, Noah, S. MS
Institution: Purdue University
Degree Received: December 2017
Title: Quantifying the Regional Extent and Magnitude of Interbasin Groundwater Flow and its
Role in Climatic Perturbations in Northern New Mexico, USA
Major Professor: Marty Frisbee
Interbasin groundwater flow (IGF) occurs when water that is recharged in one watershed
or basin discharges into an adjacent watershed or basin. This contributes additional water and
solute mass to the receiving watershed complicating water and solute mass-balance estimates.
Additionally, IGF can alter the response time of a watershed in two primary ways, where response
time is defined as the amount of time it takes for a watershed to respond to some perturbation that
causes a change in recharge. First, changes that occur outside the watershed in the contributing
watershed can impact process behavior in the receiving watershed. Secondly, the response time of
these external perturbations will be longer than the response time of perturbations that occur solely
inside the watershed since the flowpath lengths of IGF are much greater than the flowpaths
originating solely inside the watershed, thus an integrated response time arises between the
watersheds. Changes in land-use and climate are causing changes in groundwater systems
throughout the world, especially with respect to groundwater recharge. Understanding the timing
and magnitude of these changes is critically important for future management strategies,
sustainability, and adaptation.
While progress has been made in identifying IGF in the field, it remains extremely difficult
to determine the regional (spatial) extent of IGF. Typically, extensive sampling over a large spatial
and temporal scale is required to conclusively determine the extent and magnitude of IGF.
Unfortunately, high spatial-resolution datasets are not always available in ungauged or
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mountainous basins. In this thesis, I examine new methods to determine the extent of IGF, and
develop a conceptual model that describes the effect of IGF on watershed response times. First, I
present a new methodology using mixing models constrained by inverse geochemical modeling to
determine the extent and magnitude of IGF in three watersheds (Canjilon, El Rito, and Vallecitos)
draining the Tusas Mountains of northern New Mexico, USA (sites where IGF has been shown to
occur). Secondly, I show the construction of a 3D geological model of the Tusas Mountains, which
will be used in future work to look at the effects of IGF on watershed response times. Finally,
response times are approximated under different IGF conditions to provide a conceptual
framework describing the effects of IGF on response time. These results show that IGF can have
a dramatic effect on increasing the response time of watersheds, which has important implications
moving into the future.
I find that the IGF connection from Canjilon to El Rito is large, as supported by previous
research. However, the IGF connection from El Rito to Vallecitos is weak to non-existent. The
maximum possible IGF contribution from El Rito to Vallecitos occurs during snowmelt when IGF
contributes as much as 20% of the solute mass to Vallecitos. During summer and fall months, the
IGF contribution to solute mass decreases to less than 5%. Due to the longer flowpath of this IGF
connection, the response times along the IGF flowpaths in El Rito and Vallecitos are
approximately double the response times of local flowpaths. This means that the amount of IGF
that is occurring has a very strong influence on the integrated response time of a given watershed.
I end my thesis by presenting a geological model, which will be used in the future to develop a
hydrogeological model to more fully answer this question.
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INTRODUCTION

Motivation
Fresh groundwater is a critical resource; although it accounts for less than 1% of the total
water budget (Shiklomanov, 1993), it provides the majority of water for drinking, irrigation, and
industry (Gleeson, 2010). However, many groundwater processes remain poorly understood
because these processes are hidden from direct observation. As a consequence, simplified
conceptual models of these processes are commonly made to understand the origin of groundwater,
geochemical evolution of groundwater, and flowpath distributions. For example, it is commonly
assumed that groundwater divides follow surficial divides to simplify conceptual and numerical
models. This is often done due to the difficulties in determining the full spatial extent of a
groundwater system and simplifying mass-balances within the watershed of interest. However,
this assumption is always not true. Interbasin groundwater flow (IGF) is a process where water
recharges in a contributing watershed, flows beneath the surface water divide, and discharges in
an adjacent receiving watershed. Thus, surface-water and groundwater divides do not coincide
with one another where IGF is present. This process provides additional complications to
determining the water and solute budget of a study watershed (Genereux et al., 2006).
The concept of IGF has been known for some time. Tóth, 1963 was among the first to
propose the existence of groundwater flowpaths that cross topographic boundaries. Flowpaths
which discharge near their recharge source are described as local flowpaths, while flowpaths that
discharge far away from their recharge source are described as regional flowpaths. When these
regional flowpaths cross topographic divides, this process is called interbasin groundwater flow.
While Tóth’s discoveries were made decades ago, interbasin groundwater flow has received very
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little attention until the last 15 years. Within the past decade there has been extensive research on
IGF that has identified IGF in multiple geologic areas with a variety of geologic and structural
features (Winter et al., 2003; Genereux et al., 2006; Guler et al., 2006; Le Moine et al., 2007;
Frisbee et al., 2016). Perhaps IGF is not an exceptional process, requiring very specific
circumstances, but is instead a commonly occurring process. If this is the case, then we must think
beyond the single watershed scale and look at regional flowpaths and connectivity when studying
groundwater systems.
IGF impacts solute and water mass-balances in watersheds and affects response times to
perturbations which cause changes in recharge. First, IGF complicates our estimates of solute and
water mass balances in hydraulically connected watersheds. Most studies assume that all the
solutes originate in the watershed of interest (Peters et al., 2006; Velbel et al., 2007). However, in
certain areas it has been found that the contributions of water-, solute-, and age-mass from IGF
can be larger than contributions from local sources (Genereux et al., 2006). Therefore, in regions
where IGF does occur, we must consider external inputs of solutes. Second, IGF affects the
watershed response time to climatic perturbations. Response time is defined as the time required
for a watershed to respond to a perturbation such as a change in recharge, be it climatic, land
change, or other sources. For example, if snowpack were to decrease in a watershed, then the time
it takes for the streamflow to respond to this change is defined as the watershed response time. If
multiple watersheds are linked through IGF, then defining the watershed response time of a
specific watershed requires considering all the flowpaths conveying or propagating this change
from other watersheds.
My thesis is focused on studying the Canjilon, El Rito, and Vallecitos watersheds (Figure
1), which have been previously studied by Frisbee et al., 2016. IGF is known to occur in the
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headwaters of Canjilon and El Rito and many of the same metrics used to identify IGF between
Canjilon and El Rito are also present in Vallecitos (Figure 2), making this an ideal area to answer
questions related to IGF. In my thesis, I address two main questions: 1) Does the IGF connection
from Canjilon to El Rito extend to Vallecitos? and 2) How does IGF affect watershed response
times?
Site Description
The Canjilon, El Rito, and Vallecitos watersheds are located in the Tusas Mountains in
northern New Mexico along the western edge of the Rio Grande rift and range in elevation from
2100 m to 3300 m (Figure 1; UTM Zone 13S 393298 mE 4022702 mN). Average annual
precipitation and temperature are 59.4 cm/year and 11.6˚C respectively (SNOWTEL Site:
Bateman https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=316). Groundwater recharge is sourced
primarily from snowmelt (Figure 3).
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Figure 1. Map of Tusas Mountains watersheds with spring and stream locations labeled.
Hydraulic head contours (meters above sea level) determined from available well data
(http://www.ose.state.nm.us/WRAB/index.php). Stream discharge is to the south.
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Figure 3. Isotopic composition of all surface-water and groundwater samples collected in the El
Rito watershed. Local meteoric water lines for nearby watersheds are plotted for comparison.
Ovals show approximate seasonal precipitation range from Tolley, 2015.

South flowing watersheds drain the Tusas Mountains including (from west to east): the
Canjilon, El Rito, and Vallecitos watersheds. These watersheds are located along the western edge
of the Rio Grande rift and the eastern edge of the Colorado Plateau. Due to this, most of the
drainages are N-S trending, lying along large faults. Springs in Canjilon and El Rito are perennial
with discharge ranging from < 0.5 to 10 L/s. They emerge in distinct spring complexes from the
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bedrock along the western side of the drainage. By comparison, most springs in Vallecitos are
diffuse and/or ephemeral and emerge in the soil zone in large swampy areas. Canjilon and El Rito
Creeks are small streams that are perennial in the headwaters and the upper reaches, but become
ephemeral in the lower reaches of the watersheds. Vallecitos Creek is a larger stream, which is
perennial along its entire reach. It flows into the Rio Chama, a tributary of the Rio Grande. The
average summer baseflow discharge for the Canjilon, El Rito, and Vallecitos creeks are
approximately 10, 60, and 110 L/s respectively.
Colorado Plateau basin deposits are exposed across the southern portions of Canjilon and
El Rito. These units range in age from Permian to Cretaceous and have a maximum thickness of
1500m in the study area. These units can be subdivided into 3 aquifer units (from oldest to
youngest): theCutler, Entrada, and Dakota formations and 4 confining units (from oldest to
youngest): the Chinle, Morrison, and Mancos formations. The aquifer units are primarily massive
crossbedded sandstones with some interbedded mudstones. The confining units are siltstone and
mudstone with thin sandstone and limestone beds throughout. Outcropping in Vallecitos and
underlying the basin and Paleogene deposits is a series of complex highly reworked Precambrian
rocks. These rocks form the Tusas Mountains and are outside of the scope of this project (see
Barker, 1954; Davis et al., 2011 for details). Therefore, throughout the remaining portions of this
dissertation they will be referred to as undifferentiated Precambrian basement.
The southern Tusas Mountains watersheds are covered by extensive conglomeritic and
volcaniclastic Paleogene rocks sourced from nearby bedrock and Latir volcanic field, near Taos,
New Mexico. These units dip eastward creating an angular unconformity overlying the westdipping Mesozoic sedimentary units in the Canjilon and El Rito watersheds, and creating a
nonconformity overlying Precambrian crystalline bedrock in the Vallecitos watershed. The

7
Paleogene rocks are subdivided into the El Rito, Ritito and Los Pinos Formations. The basal unit
in this sequence is the El Rito Formation, an Eocene conglomerate composed primarily of
Proterozoic plutonic and metamorphic clasts. It is very well lithified with a quartz cement and
contains large amounts of hematite giving it its characteristic red color (Ekas, 1984). The Ritito
Formation overlies the El Rito Formation and is an Oligocene, poorly lithified, clay cemented
conglomerate composed of Proterozoic plutonic and metamorphic clasts. The Ritito Formation
contains much less hematite, yet similar amounts of quartz cement (Kempter, 2008). Lastly, the
Los Pinos Formation, which is only present in the Vallecitos watershed, overlies the Ritito. The
Los Pinos Formation primarily consists of intermediate to felsic composition volcanic rocks from
the Latir volcanic field (Ingersoll et al., 1991). The Los Pinos formation hosts some Proterozoic
basement clasts, but with much lower abundance than in the underlying Ritito (Aby et al., 2012).
The uppermost Ritito and Los Pinos Formations are hydraulically conductive units and are most
likely to host the IGF connection (Figure 2). The lower El Rito formation has extremely low
conductivity, and likely retards flow from the upper units to the lower Mesozoic and Precambrian
units.
Chapter Outlines
In chapter 2, I address question 1: Does the IGF connection from Canjilon to El Rito extend
to Vallecitos? I use field based geochemical and isotopic analysis combined with geochemical
modeling informed through XRD analysis to quantify the regional extent and magnitude of
interbasin groundwater flow. Determining the regional extent of interbasin groundwater flow is
often a very difficult task requiring large amount of spatial and temporally collected data.
Obtaining large sets of groundwater samples can be difficult in mountainous areas due to their
remote and inaccessible nature. I present a new methodology which combines a two-member
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mixing model with inverse geochemical modeling to determine the IGF contributions to a
groundwater fed stream.
In chapter 3, I lay the groundwork to address question 2: How does IGF affect watershed
response times? I estimate the timing of perturbations under differing amounts of IGF connection.
I follow up on this in chapter 4, where I present a geological model, which will be used in future
work to construct a hydrogeological model to determine the timing and magnitude of groundwater
responses to perturbations.
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IDENTIFYING THE REGIONAL EXTENT AND GEOCHEMICAL
EVOLUTION OF INTERBASIN GROUNDWATER FLOW USING
GEOCHEMICAL INVERSE MODELING AND 87SR/86SR RATIOS IN A
COMPLEX CONGLOMERITIC AQUIFER

Abstract
Interbasin groundwater flow (IGF) occurs when water that is recharged in one watershed
or basin discharges into an adjacent watershed or basin. IGF can therefore directly impact estimates
of water and solute mass discharged from a watershed and consequently, skew estimates of
watershed-scale weathering rates. It is extremely difficult to determine the regional (spatial) extent
of IGF and its impact on streamflow and weathering processes in adjacent watersheds because it
is difficult to differentiate between solute mass originating within the watershed from solute mass
transported into the watershed. Where IGF is present, discharging groundwater may represent a
complex distribution of flowpaths having very different kinetic histories and solute concentrations,
thus complicating geochemical models of these watersheds. We quantify the regional extent of
IGF in three watersheds (Canjilon, El Rito, and Vallecitos) draining the Tusas Mountains of
northern New Mexico, USA (sites where IGF has been shown to occur) using spatial trends in
87

Sr/86Sr in springs and streams and geochemical modeling using PHREEQC. Frisbee et al., 2016

showed an IGF connection from the Canjilon watershed to the El Rito watershed. 87Sr/86Sr ratios
show a strong connection from the Canjilon watershed to the El Rito watershed and suggest that
the IGF connection likely extends to the Vallecitos watershed. Geochemical modeling constrained
by XRD analysis of aquifer mineralogy supports previous research showing that IGF from the
Canjilon watershed is the dominant control on perennial flow in springs and streams in the adjacent
El Rito watershed. However, the geochemical signature of an IGF connection from El Rito to the
Vallecitos watershed is weak to non-existent. The maximum possible IGF contribution from El
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Rito to Vallecitos is during snowmelt, where IGF contributes as much as 20% of the water and
solute mass to Vallecitos. However, the maximum IGF contribution decreases to less than 5%
during summer and fall months. Our methodology is unique because it accounts for the background
geochemical evolution of IGF in addition to mixing with locally-recharged groundwater. The
mineralogical models, when combined with

87

Sr/86Sr ratios, appear to be a robust methodology

and may offer capabilities to investigate the regional extent of IGF in other settings.
Introduction
The concept of topography-driven flow (Tóth, 1963; Tóth, 1995; Tóth, 1999) is a widely
accepted conceptual model describing the scaling of groundwater flowpaths from local-,
intermediate, and regional-scales driven by changes in topography, climate, and geology. Localscale flowpaths are the shortest flowpaths from areas of recharge to areas of discharge (e.g., the
flowpaths supporting high-elevation springs in a mountainous watershed; see figure 2a of Tóth,
1963), while, regional-scale flowpaths are the longest (e.g., these flowpaths may be recharged near
the mountain top yet discharge at a low-elevation spring in an adjacent valley; see Figure 2e of
Tóth, 1963). Regional groundwater flow is well studied and has been observed in a variety of
geologic settings (Johannesson et al., 1997; Genereux et al., 2006; Guler et al., 2006). The role of
regional groundwater on streamflow and springflow generation has received growing attention
within the last two decades (Winter, 2007; Pacheco, 2015).
A special case of regional groundwater flow is called interbasin groundwater flow (IGF),
which occurs when water that is recharged in one watershed or basin, flows beneath the surfacewater divide, and discharges in an adjacent watershed or basin. IGF is often controlled by geologic
factors such as stratigraphy and aquifer and/or geological heterogeneities, which are not fully
understood, making it difficult to identify IGF. Even in areas where IGF has been relatively
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extensively studied (e.g., the southern Great Basin of the USA), there is considerable disagreement
about the occurrence and spatial extent of IGF (Nelson et al., 2004; Anderson et al., 2006; Belcher
et al., 2009). These studies have traditionally relied on water or solute mass-balance, geochemical
modeling, and isotopic approaches to quantify regional groundwater flow systems (Andre et al.,
2005; Boroina et al., 2005; Genereux et al., 2006, 2009; Zanon et al., 2014).
Despite recent advances in our understanding of IGF, it remains difficult to determine the
regional extent of IGF flowpaths. Authors have used a combination of statistical clustering and
geochemical modeling to track groundwater evolution along a flowpath (Uliana et al., 2001; Guler
et al., 2004). By creating statistically meaningful clusters and then tracking major cation and anion
changes across these groups, geochemical processes can be tracked along a flowpath. However,
these studies often model geochemical changes over very large spatial scales, assuming some
degree of flowpath continuity such as, from a geochemically-unevolved high-elevation recharge
point to a geochemically-evolved discharge point in a basin (Farnham et al., 2000; Cloutier et al.,
2008). In some areas, groundwater may be largely geochemically unevolved due to slow rates of
reaction between groundwater and the aquifer material, relatively short residence times in the
aquifer, and/or close proximity to recharge areas incorporating a high proportion of unevolved
water into the aquifer. In these cases, distinguishing between regional groundwater from IGF and
locally recharged groundwater is difficult since the sources will be relatively unevolved and
geochemically similar.
Strontium isotopes,

87

Sr/86Sr, are useful in tracking chemical weathering in watersheds

(Blum et al., 1993; Clow et al., 1997) and can be used to determine the sources and flowpaths of
groundwater and other potential sources of water to streams and springs (Hogan et al., 2000; Hogan
et al., 2003). As water flows through soil, sediments and rock, the 87Sr/86Sr ratio of the water will
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change reflecting mixing with

87

Sr/86Sr ratios of the soil and/or rock units. This is largely

controlled by conditions in the soil, sediment, or rock: 1) the residence-time of the water in the soil
or rock units, 2) the pool of weatherable and exchangeable strontium, and 3) the difference in the
87

Sr/86Sr ratios between the water and minerals.

87

Sr/86Sr ratios can be powerful diagnostic tools

to track geochemical evolution along flowpaths. Additionally,

87

Sr/86Sr can also be used to

quantify mixing between sources (i.e., endmembers) if the ratios of the sources are distinct from
one another (Johnson et al., 2000; Shand et al., 2007; Rissmann et al., 2015). While 87Sr/86Sr ratios
have been used to track flowpaths in regional groundwater flow systems (Johnson et al., 2000),
they have not, to the best of our knowledge, been used to identify the regional extent of IGF.
Frisbee et al. (2016) used geomorphic metrics describing the landscape placement of
springs and spatial orientation of stream channels combined with groundwater residence times and
geochemical characteristics to identify the IGF connection between the Canjilon and El Rito
watersheds. Many of the geomorphic metrics used to identify the presence of IGF in that study
also appear in the adjacent Vallecitos watershed. With supporting geology and geomorphic
metrics, the presence of IGF in Vallecitos seems possible. If the IGF connection does extends to
Vallecitos, it has important implications regionally for the communities in the area that depend on
perennial streamflow for agricultural irrigation purposes.
Is there an IGF connection from Canjilon to El Rito to Vallecitos? Our hypothesis
is that: 1) interbasin groundwater flow extends from Canjilon to El Rito and regionally to the
Vallecitos watershed and 2) that IGF controls the geochemical evolution of the solute loads in the
Vallecitos stream. We tested the first hypothesis using 87Sr/86Sr isotopic ratios of water combined
with geochemical modeling of spring and stream water samples, which are constrained by whole
rock samples collected in the three watersheds. We used XRD analyses of regional geologic units
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to constrain the PHREEQC models. Previous research by Frisbee et al. (2016) indicated that the
IGF connection between the Canjilon and El Rito watersheds was maintained by flow through the
Ritito Conglomerate. Therefore, if the IGF connection extends regionally from the Canjilon
watershed to the Vallecitos watershed, then we expect to see 87Sr/86Sr ratios of springs in all three
watersheds that are consistent with flow through the Ritito. However, this alone does not rule out
the possibility that locally recharged groundwater which flows through the Ritito is supporting
spring flow in the El Rito and Vallecitos watersheds (i.e., it is difficult to differentiate between
solute mass originating within the watershed from solute mass transported into the watershed).
Therefore, we used PHREEQC to model the geochemistry of the springs and streams across the
three watersheds to quantify geochemical evolution along flowpaths. We tested the second
hypothesis by increasing proportions of IGF contributing to Vallecitos Creek in model runs, until
the geochemical models failed to converge. If the second hypothesis were true, then the models
should show substantial portions of IGF contributing to Vallecitos Creek.
Methods
Field Sampling and Geochemical Analysis
Twenty-eight samples were collected from five springs in El Rito from June 2013 to
August 2014 during the spring and summer months. The combination of deep snowpack and rough
backcountry Forest Service roads made these springs inaccessible in the fall and winter months.
Three samples were collected from three springs in Canjilon in June 2014 and May 2016. Fifteen
stream samples were collected along Vallecitos from May 2012 to May 2016. Water samples were
collected using standard grab sampling methods. The samples were not field acidified, but were
quickly filtered in the lab and refrigerated until they were analyzed. Anions were measured using
an ion chromatograph according to EPA 300.0 and cations were measured using an ICP-OES
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according to EPA 200.7 at the New Mexico Bureau of Geology and Mineral Resources Chemistry
Lab.
Field geochemical parameters were measured at each sampling site, using a YSI
Professional Plus multi-parameter water quality meter including: pH, specific electrical
conductivity (EC; corrected to 25°C), temperature (°C), dissolved oxygen (DO; % and mg/L) and
oxidation reduction potential (ORP; mV). Total dissolved solids (TDS) was automatically
calculated by the meter from specific conductivity multiplied by the TDS constant of 0.65.
87Sr/86Sr

Ratios

87

Sr/86Sr ratios were measured at Isotope Tracer Technologies Inc. in Waterloo, Canada.

Water samples were collected using standard grab sampling methods in 1L bottles. The samples
were not field acidified, but were quickly filtered and refrigerated. Representative whole rock
samples were collected from multiple places throughout the watershed. Strontium isotopic analysis
was done using the Triton Thermo Scientific Thermal Ionization Mass Spectrometer. Calibrated
standards are run at the beginning and end of each run, as well as after every 8-10 samples. These
standards are calibrated to NIST SRM 987.
Geochemical Modeling

PHREEQC has been used successfully to constrain the dissolution of probable mineral
assemblages (Lecomte et al., 2005; Belkhri et al., 2010; Li et al., 2010). In this study, PHREEQC
was used to: 1) model the probable minerals involved in the weathering reactions to produce the
observed geochemical composition of the waters and 2) quantify the proportion of IGF mixing
with locally-recharged groundwater. Precipitation was used as the initial (pre-weathering)

17
composition of water. Precipitation chemistry was determined from the average of precipitation
samples collected from 2012-2016 from the nearest NADP precipitation station (Bandelier
National

Monument

http://nadp.isws.illinois.edu/data/sites/siteDetails.aspx?id=NM07&net=NTN),

which

is

approximately 80 km south of the Tusas Mountains watersheds at an elevation of 1997 m. Because
average chemical compositions were used, a charge imbalance occurred that was corrected by
increasing the alkalinity (Garrels et al., 1967).
For geochemical modeling from precipitation to both the Canjilon and El Rito springs, the
model uncertainty was increased until geochemical models converged. Sulfate was set to a higher
uncertainty of 25%, due to other processes, such as biological interactions, possibly altering the
sulfate concentration. Due to uncertainty in the exact composition of the El Rito groundwater
input, the uncertainty of the initial and final waters was set to 10% for geochemical modeling of
Vallecitos stream.
To determine the possible contributions of IGF water from El Rito to Vallecitos, a
combination of simple two-endmember mixing analysis and inverse modeling was used. If we
assume the water coming from El Rito to Vallecitos via IGF is similar in composition to the mostevolved water observed in the El Rito springs, then we can determine a theoretical composition of
the water locally sourced from Vallecitos. The chemistry of the locally sourced water in Vallecitos
would be then derived from the evolution of precipitation through the Los Pinos and Ritito
Formation.

To assess the proportion of locally-derived groundwater, a mixing model was

constructed as follows
[𝑋𝑙𝑜𝑐𝑎𝑙 ] =

[𝑋𝑉𝑎𝑙𝑙𝑒𝑐𝑖𝑡𝑜𝑠 ]−𝐼𝐺𝐹𝑓𝑟𝑎𝑐 ∗[𝑋𝐸𝑙 𝑅𝑖𝑡𝑜 ]
1−𝐼𝐺𝐹𝑓𝑟𝑎𝑐

(Equation 1)
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where: [Xlocal], [Xvallecitos], and [XEl Rito] are ion concentrations of local recharge, Vallecitos
streamwater, and El Rito groundwater respectively. The IGFfrac term represents the maximum
contributions of IGF to the Vallecitos stream. To determine the maximum possible IGF
contribution, the IGF contribution was increased until the local recharge had an unrealistic
composition given the specified minerals.
Figure 4 shows the evolution of groundwater from precipitation to Vallecitos through local
and IGF sources. The top diagram in blue represents geochemical evolution starting from
precipitation to Canjilon groundwater and finally to El Rito groundwater. The bottom left diagram
in green represents geochemical evolution from precipitation to a theoretical local composition.
The bottom right represents mixing of local waters and water derived from IGF.
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Figure 4. Schematic representation of local and IGF groundwater flowpaths with mixing.
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XRD
It is critically important to constrain PHREECQ models using mineral phases that are
present in the aquifer material. Most previous studies on groundwater evolution through an aquifer
have focused on consolidated and non-reworked aquifer materials such as limestone and granite
(Helpstrup et al., 2007; Sung et al., 2012). However, both the Ritito Formation and the Los Pinos
Formation are conglomeritic Formations consisting of clasts from a variety of sources ranging
from Precambrian quartzite to Oligocene dacite with a matrix of kaolinite. Therefore, XRD was
used to determine the appropriate mineral phases.
To prepare each sample for QPXRD (Quantitative Powder X-ray Diffraction) analysis,
samples were crushed with an agate mortar and pestle. Each mixture was processed further using
a McCrone micronizing mill for five minutes in the presence of 4.0 milliliters ethanol. Samples
were allowed to dry in a petri dish and final powders were scraped out and mounted for
analysis. All QPXRD analyses were performed at Purdue University using a PANanalytical
X’Pert PRO X-ray diffractometer with a cobalt anode material. Scanning parameters used for
analyses include: 45 kV accelerating voltage; 40 mA current; 6-80° 2θ scanning range; step size =
0.0334; time per step = 240.030; scan speed = 0.017; number of steps = 2,214. A 1° slit was
utilized from 6-12° 2θ to limit the divergence of the incident X-ray beam that occurs at low 2θ
regions. Mineral standards used for quantification include quartz, illite, kaolinite, chlorite, calcite,
and dolomite.
A list of all potential minerals was identified using PANanalytical HighScore Plus
matching software (Degan, 2014). This list is quite long and extensive, therefore, the list of
potential minerals was compared with previous studies on the Ritito and Los Pinos Formation to
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identify the most likely minerals for geochemical modeling (Vanzanna et al., 1981; Nelson et al.,
1988; Ingersoll et al., 1991; Smith, 1995; Maldonado et al., 2009).
Results
Spatial Trends in Solute Chemistry
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Figure 5. Regional trends in solute concentrations for SO42-, Ca2+, Mg2+, K+, SiO2, Na+,
Sr2+, and pH for samples collected during 2016. Red dashed line marks the watershed divide
between Canjilon and El Rito. Green dashed line marks the watershed divide between El Rito
and Vallecitos
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There is a strong correlation between Ca2+, Mg2+, Na+, Sr2+ concentrations and the distance
from the regional divide (the western watershed divide of the Canjilon watershed; Figure 5). The
relationship between K+ concentrations and pH are weaker. Springs emerging close to the regional
divide have low solute concentrations implying these are immature waters which are locally
recharged. Linear correlations between solute and distance are observed in Canjilon and El Rito.
This supports previous research by Frisbee et al. (2016) where a strong IGF connection between
the headwaters of the Canjilon watershed and the headwaters of the El Rito watershed was
established using geomorphic metrics, groundwater residence times, and geochemical
characteristics of groundwater. This linear correlation also extends to Vallecitos suggesting the
IGF connection may extend to the Vallecitos as well. The Canjilon watershed is bounded by a
large cliff on its western side (Figure 1), which has an elevation drop of 1800m, making any
flowpaths originating from the west unlikely. Therefore, regional interbasin groundwater
flowpaths would have to originate in the Canjilon watershed and extend to the El Rito watershed,
possibly further into the Vallecitos watershed as indicated by Figure 5.
SiO2 shows a linear correlation with distance from the regional divide for the samples in
El Rito and Canjilon, however this linear relationship becomes asymptotic in Vallecitos. The
Vallecitos samples do not show the same increases in SiO2 with distance. There are two possible
explanations for this discrepancy as compared to the spatial trends in Ca2+, Mg2+, Na+, and Sr2+
compared to SiO2. The water could be approaching saturation with respect to quartz as it flows
into the Vallecitos watershed (quartz is the main silicate mineral in the Ritito Formation) or
alternatively, different minerals are weathering in the Vallecitos watershed other than the minerals
found solely in the Ritito Formation.
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Figure 6. 87Sr/86Sr ratios of streams, springs, rocks, and precipitation for samples collected in
2016. The Sr2+ concentration of the average precipitation sample was multiplied by 10.
Figure 6 shows the 87Sr/86Sr ratios of streams and springs with whole rock values shown in
red. Precipitation values are from the Sangre de Cristo Mountains located to the east of the Tusas
Mountains (Gosz et al., 1989). Since Sr2+ concentrations are kinetically controlled (i.e., Sr2+ is
weathered from minerals), the 1/Sr2+ values essentially describe the residence time of the water
whereby high 1/Sr2+ values represent short residence times and low 1/Sr2+ values represent longer
residence times (Frisbee et al., 2017). Therefore, springs with high 1/Sr2+ values and

87

Sr/86Sr

ratios near 0.71 represent locally derived springs that are primarily precipitation sourced. As the
1/Sr2+ values decrease in El Rito (increasing residence time), we see the 87Sr/86Sr ratios converge
to a value similar to Ritito whole rock values (0.70860). We interpret this to represents the
geochemical evolution through the Ritito aquifer as the water reaches equilibrium with the

90
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minerals in that rock unit. The similarities between stream water and spring water in the El Rito
watershed support that the majority of the water in the El Rito stream is sourced from the springs.
87

Sr/86Sr ratios in Vallecitos, with the exception of one stream sample are very similar to

those of the Ritito (0.70860) Formation. This provides initial support for the hypothesis that
streamflow in the Vallecitos watershed is supported by groundwater flowing through the El Rito
Formation. The decreased 1/Sr2+ values in the Vallecitos stream suggest increased residence times,
supporting either a geochemical evolution from El Rito along the Ritito Formation. However, the
887

Sr/86Sr data for the Vallecitos watershed are non-unique since the Los Pinos Formation overlays

the Ritito Formation in the watershed and the

87

Sr/86Sr ratio of the Los Pinos (0.70794) is very

similar to the 87Sr/86Sr ratio of the Ritito (0.70860). Thus, additional interpretations are necessary
to sort out the IGF contribution from El Rito to Vallecitos. The outlying stream sample in
Vallecitos has a 87Sr/86Sr ratio of 0.7124 indicating that is has likely interacted with minerals in
the Precambrian basement (0.72019) which outcrop on the eastern portion of the Vallecitos
watershed.
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Seasonal Variability of Select El Rito Springs and Vallecitos Streams
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Figure 7. Average SiO2 and Na+ for springs in the El Rito watershed collected between 2012
and 2015 (shown in blue circles). Bars represent +/- one standard deviation of repeat samples.
Samples collected in 2016 are shown in green circles. The spring shown by the red circle is
considered the most evolved groundwater in the El Rito watershed and is used as the [XEl Rito]
term (Equation 1) in subsequent geochemical modeling.
Figure 7 shows the mixing subspace of Na+ and SiO2, which essentially describes
the mixing line between snowmelt-dominated springs (i.e., springs located closest to the recharge
area) and groundwater-dominated springs which have undergone more extensive geochemical
evolution in the El Rito watershed. The springs with the lowest concentrations also have the highest
variability indicative of large variations in the flowpath distribution due to their close connection
to seasonally variable recharge such as snowmelt. In comparison, the springs with higher
concentrations exhibit very little variability indicative of groundwater with substantially longer
flowpaths and more stable flowpath distribution. SiO2, in general, shows less seasonal variation
than Na+. The relationship between Na+ and SiO2 is relatively linear, consistent with continuous
geochemical evolution down the interbasin groundwater flowpath. The samples collected in 2016
lie within the mixing space, but fall toward the middle of the mixing line. The snowpack from the
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winter of 2015-2016 was above average, which may have contributed to the dilution of these
samples. The spring highlighted by the red circle is considered to be representative of the most
evolved groundwater in the El Rito watershed and therefore is used as the potential IGF
endmember which likely flows into Vallecitos. This was used as the evolved El Rito endmember
([XEl Rito] term Equation 1) in subsequent geochemical modeling.
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Figure 8. Stream samples collected from 2012-2015 are shown in blue. Stream samples collected
in 2016 are shown in green.
Stream samples collected in Vallecitos show a very strong correlation between Na+ and
SiO2 across multiple sampling dates as seen in figure 8. Samples with lower solute
concentrations of 1.97 and 17.1 mg/L for Na+ and SiO2 respectively, were collected during May
and June. As the summer progresses and transitions into fall, solute concentrations increase to
3.94 and 31.4 mg/L for Na+ and SiO2 respectively. The low solute concentrations correspond to
snowmelt, while the high solute concentrations reflect the stream under baseflow conditions.
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Inverse Geochemical Modeling
Due to the dilute nature of both the precipitation and the spring waters in Canjilon, it is
difficult to use geochemical modeling approaches to determine mineral transfer. Small
measurement errors can cause large geochemical differences, therefore the uncertainty in these
models increased to 10%. The primary minerals involved in weathering reactions are enstatite,
gypsum, muscovite and plagioclase (Table 1). Gypsum was not found from XRD analysis of the
rock samples, however the gypsum may have been incorporated into the soil zone from aeolian
sources. Kaolinite is the dominant clay precipitating out of these waters once they reach saturation.
Most of these springs likely flow along shallow flowpaths rapidly interacting with more soluble
minerals.
Table 1. Results from inverse modeling for Canjilon springs. All mineral transfers are expressed
in moles per liter of water.
Mineral
Mole Transfer
Kaolinite

-4.859e-05

Enstatite

1.933e-05

Muscovite

8.184e-06

Gypsum

2.072e-05

Ab25

5.764e-05

Table 2 shows the geochemical modeling results describing the geochemical evolution
from Canjilon springs (Canjilon groundwater) to El Rito springs (assuming an IGF connection).
There are noticeable changes in mineral weathering from Canjilon to El Rito. While enstatite,
muscovite, and plagioclase are present in both models, gypsum is now replaced by quartz. By
using Canjilon springs as our starting point, we are modeling from water that has already interacted
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with the soil zone. Therefore, the mineral interactions that occur between Canjilon and El Rito are
focused on the bedrock minerals present.
Quartz is very resistant to weathering and quartz weathering rates are commonly very slow.
However, the residence times of springs in the El Rito watershed are relatively long ranging from
500 to approximately 3000 years (Schulz et al., 1997; Frisbee et al., 2016). Thus, it is likely that
quartz clasts in the conglomerate are being weathered in the Ritito conglomerate with increasing
residence time. Weathering reactions in the Ritito conglomerate are therefore highly incongruent;
at shorter residence times as seen in Canjilon springs, minerals such as albite and muscovite
weather more easily, while at longer residence times as seen in El Rito springs, the quartzite rock
clasts begin to weather and release SiO2. Geochemical modeling indicates that kaolinite is
precipitating, which is consistent with observations indicating that clay is present in the cement
(Vazzanna et al., 1981).
Table 2. Inverse geochemical modeling results from Canjilon springs to El Rito springs. All
mineral transfers are expressed in moles.
Mineral
Mole Transfer
Quartz

1.898e-04

Kaolinite

-1.244e-04

Muscovite

1.269e-05

Enstatite

1.781e-05

Ab25

1.673e-04

Table 3 shows PHREEQC models resulting from the evolution of precipitation to
theoretical local recharge as described in section 6.3. ValSG1 represents the upstream Vallecitos
sample while ValSG2, ValSG3, etc. indicate increasing distance downstream. Maximum IGF
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percentages were highest in the upper reaches ranging from 5-20%. Those sampled during the
snowmelt have higher percentages of IGF. Sites sampled downstream had lower values of IGF
than those sampled upstream.
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Table 3. Inverse geochemical modeling results for different mixtures of IGF and precipitation to Vallecitos streamwater. All mineral
transfers are expressed in moles.
Site ID

Sampling
date

Maximum
Number of
IGF % from minimal
El Rito
models

Kaolinite

Diopside

Muscovite Plagioclase Enstatite

ValSG1

6/20/2016

15

1

-3.37E-04

9.12E-05

4.13E-05

3.38E-04

-

ValSG1

6/6/2015

20

1

-2.16E-04

2.00E-05

2.49E-05

2.19E-04

3.39E-05

ValSG1

5/23/2012

15

2

-2.73E-04

6.63E-05

3.62E-05

2.64E-04

8.07E-06

ValSG1

8/14/2012

10

1

-3.81E-04

9.09E-05

5.44E-05

3.67E-04

-

ValSG1

11/1/2012

5

1

-4.74E-04

1.09E-04

5.00E-05

4.90E-04

-

ValSG2

6/20/2016

15

2

-3.17E-04

8.73E-05

3.95E-05

3.16E-04

-

ValSG2

6/6/2015

20

1

-1.80E-04

4.76E-05

2.30E-05

1.79E-04

-

ValSG3

6/20/2016

10

1

-4.37E-04

3.27E-05

3.51E-05

4.71E-04

6.02E-05

ValSG3

6/6/2015

15

1

-2.84E-04

7.50E-05

3.41E-05

2.85E-04

-

ValSG3

5/23/2012

10

1

-3.81E-04

9.09E-05

5.44E-05

3.67E-04

-

ValSG3
ValSG3
ValSG4
ValSG4

8/14/2012
11/1/2012
6/20/2016
6/6/2015

<5
<5
<5
10

1

-2.87E-04

7.77E-05

3.37E-05

2.91E-04

-

ValSG5

6/20/2016

<5

-

-

-

-

-

-
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Discussion
The strong relationships between solute concentration and distance from regional divide
support the hypothesis that the IGF connection which “starts” in the Canjilon watershed, extends
into the El Rito watershed, and from there into the Vallecitos watershed. This suggests that the
regional extent of IGF is much larger than previously thought. Increased solute concentration is
frequently associated with geochemical evolution of groundwater since geochemical evolution is
a kinetic process dependent on, among other things, water residence times (Kloppmann et al.,
1998; Edmunds et al., 2000; Rademacher et al., 2001). However, it is generally difficult to
determine whether high solute concentrations within a watershed are due to IGF or increased
progress of weathering within the watershed. (Mahlknecht et al., 2004; Belcher et al., 2010).
Frisbee et al. (2016) used geomorphic metrics describing the landscape placement of
springs and spatial orientation of stream channels combined with groundwater residence times and
geochemical characteristics to identify the IGF connection between the Canjilon and El Rito
watersheds, draining the Tusas Mountains of northern New Mexico, USA.

Many of the

geomorphic metrics used in that study also appear in the next adjacent watershed, the Vallecitos
watershed. Unfortunately, changes in geology and increased anthropogenic disturbance in
Vallecitos may limit the applicability of these techniques in the Vallecitos watershed. The
headwaters of the El Rito and Canjilon watersheds are part of the Carson National Forest and have
very limited anthropogenic influences. In contrast, the headwaters of Vallecitos are owned by
private land owners. These land owners divert portions of the stream into acequias, which they use
for farming purposes. Because these acequias are prevalent throughout the Vallecitos watershed,
discharge measurements along the stream are not strong metrics for IGF as they are in the Canjilon
and El Rito watersheds. Additionally, the amount of acequias in Vallecitos decreases significantly
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as you move south from the mountainous regions into the more desert-like regions. While the
headwaters of Canjilon and El Rito have perennial springs with distinct and preferential emergence
patterns, many springs found in Vallecitos are ephemeral with poorly defined emergences. Not
only does this make it difficult to use the geologic and geomorphic metrics, it also makes direct
age-dating of groundwater in the Vallecitos watershed difficult. Therefore, groundwater ages must
be indirectly inferred through geochemical relationships.
The consistency of 87Sr/86Sr ratios in water across all three watersheds is consistent with
water that shares common flowpaths and similar geochemical reactions along the flowpaths. We
infer that groundwater is recharged in and flows through the Ritito Formation in the Canjilon
watershed, and flows into the El Rito watershed along the same unit. The similar 87Sr/86Sr ratios
in the Vallecitos watershed indicate that a small proportion of IGF also flows into the Vallecitos
watershed and likely mixes with locally-recharged groundwater which flows through the Los Pinos
and Ritito Formations. In principle, as water spends more time in the aquifer, it begins to reach
equilibrium with the

87

Sr/86Sr ratio of the aquifer material. As this occurs, the

87

Sr/86Sr ratios

become invariable, the Sr2+ concentration increases (1/Sr2+ decreases), and the water
geochemically evolves. We observe consistent

87

Sr/86Sr ratios in all three watersheds and

decreasing 1/Sr2+ values, suggesting a shared geochemical evolution pathway through the aquifer
from El Rito to Vallecitos with concurrent increasing residence times down the flowpath.
Whole rock 87Sr/86Sr ratio values were not used in all samples collected. Instead, weathered
cements were collected for analysis. This is important, because differential weathering
(incongruent reactions) can highly alter the 87Sr/86Sr ratio. Previous authors have found 87Sr/86Sr
ratio values as high as 0.751244 in the Ritito Formation, which likely means that they measured
the Proterozoic clasts, which are expected to have higher ratios (Nelson et al., 1988). The 87Sr/86Sr
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ratios collected from weathered cement in the Ritito Formation, in comparison, are much lower
(0.70860). Very little biotite was observed in these samples, at both hand-scale and from XRD,
instead quartz and plagioclase were the dominant minerals. Both of these minerals have low
87

Sr/86Sr ratios despite their extremely old age. This provides an important constraint on the

mineral assemblages weathering out of the Ritito Formation. The clasts are unlikely to be the
primary source of solutes and instead most solutes are coming from the cement between the clasts,
except at long residence times when weathering of the clasts begins to contribute solute mass to
groundwater.
XRD analysis on the Ritito Formation determined an assemblage of minerals, which
resulted in a geochemical model that successfully explains the evolution of IGF from the Canjilon
watershed to the El Rito watershed. However, geochemical evolution through the Ritito alone
cannot explain the geochemical evolution of Vallecitos stream waters. Instead, locally-recharged
groundwater flowing through the Ritito and Los Pinos Formations plays a dominant role in the
geochemical evolution of the Vallecitos watershed. The decreases in IGF proportions going
downstream in the Vallecitos stream are consistent with other sources becoming dominant in the
downstream reaches. Larger IGF fractions are present in the headwaters of El Rito and where the
Ritito intersects the upper reaches of the Vallecitos stream. There is only a small area where the
Paleogene units are continuous across all three watersheds. Moving downstream, the lateral
distribution of the Paleogene units thins out in El Rito, and therefore any IGF connection would
be lost.
The increases in IGF during snowmelt seems counterintuitive. However, the Ritito
Formation is relatively thin and it is likely that the Ritito aquifer reaches complete saturation during
snowmelt promoting a more extensive hydraulic connection across these watersheds. This is
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analogous to the observations in other systems where the rapid mobilization of old water occurs
during periods of rainfall (Kirchner, 2003). The findings suggest that a small portion of the solute
load to the Vallecitos stream during snowmelt may come from IGF originating in El Rito.
Conclusions
We proposed two hypotheses: 1) interbasin groundwater flow extends from Canjilon to
El Rito and regionally to the Vallecitos watershed and 2) that IGF controls the geochemical
evolution of the solute loads in the Vallecitos stream. We observed consistent 87Sr/86Sr ratios in
waters across all three watersheds and this provides tentative support that the IGF connection
extends to Vallecitos. However, geochemical modeling indicates that IGF is not the dominant
process controlling the geochemistry of Vallecitos Creek. Instead, the geochemical modeling
indicates that at most 20% of the groundwater in the Vallecitos stream comes from IGF from the
El Rito watershed. While we accept Hypothesis 1, we must reject Hypothesis 2 at this time.
87

Sr/86Sr ratios are useful tracers of groundwater flowpaths and geochemical kinetics, however

non-uniqueness can occur in geologic settings where multiple rocks have similar 87Sr/86Sr ratios.
This research shows that novel combinations of 87Sr/86Sr ratios combined with geochemical
modeling can be used to identify both the magnitude and regional extent of IGF. To the best of
our knowledge, 87Sr/86Sr ratios have not been used to test the regional extent of IGF in other
studies. This methodology may enhance our understanding of these connections and their impact
on geochemical weathering processes.
There is strong evidence to suggest that a larger regional connection exists between the
Canjilon, El Rito, and Vallecitos watersheds. The fraction of IGF occurring from the Canjilon
watershed to the El Rito watershed is large. This indicates that perturbations which impact recharge
in the Canjilon watershed can impact the hydrological functioning of the El Rito watershed.
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However, the IGF fraction from the El Rito watershed which contributes to streamflow in the
Vallecitos watershed is small, likely less than 15 to 20%. Thus, changes in Canjilon may also
affect the hydrological functioning the Vallecitos watershed but to a lesser extent. This study
provides critical information on future sustainability of water resources in the Tusas Mountains.
Climate change models indicate that snowpack depth and duration are both decreasing (Mote et
al., 2005).

Since these watersheds are snowmelt-driven, decreases in snowpack will have

immediate and regionally concurrent impacts. However, events such as forest fires are not always
regionally widespread and do not always impact all watersheds. In the event that a forest fire
occurs in the recharge area of watersheds which are hydraulically connected (e.g., the Canjilon
watershed), the change in recharge following the forest fire may not have immediate and
concurrent responses in all watersheds.

Instead, the perturbation may propagate along the

interbasin groundwater flowpath gradually affecting the downgradient watersheds. The magnitude
of perturbation is dependent on the response time of the aquifer and the amount of IGF that
contributes to stream and spring flow in the connected watersheds as compared to the amount of
locally-recharged groundwater. Additional research requiring groundwater flow models is needed
to determine the response of IGF systems to these perturbations.
Many IGF studies focus on large regional aquifers with a large spatial extent (e.g., the
carbonate aquifer of the southern Great Basin). However, the Tusas Mountains watersheds
demonstrate that smaller, locally-sourced geological units can play a large role in controlling
groundwater flowpath distributions, perennial flow from streams and springs, and geochemical
evolution across watershed divides. In the case of the Ritito and Los Pinos formation, these
sediments control the geochemistry of the interbasin groundwater. Because the Ritito and Los
Pinos formations contain clasts from a variety of highly varied sources, which formed at
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dramatically different stabilities, the effects of incongruent weathering are more pronounced than
in non-conglomeritic rocks that have been formed under one stability field (e.g. granite).
Improving our understanding on how differential weathering between clasts in these units and the
cement which binds the rock together can impact the geochemical evolution of water is crucial to
understanding basin-scale solute fluxes and landscape weathering rates. This research has broader
implications, since large basin-scale formations commonly have interbedded conglomeritic
members. These geologic heterogeneities could have an overlooked impact on the geochemical
evolution of groundwater flowing through them and help explain the incongruent weathering
behavior observed with increasing residence times.
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EFFECTS OF INTERBASIN GROUNDWATER FLOW ON WATERSHED
PERTURBATIONS

Introduction
Water resources in the semi-arid Southwest have always been limited compared to humid
regions of the U.S.A, however these resources are growing increasingly stressed due to the
combined effects of a growing population and perturbations such as climate and land-use change
(MacDonald, 2010). In New Mexico, 80% of total water usage is agricultural, with 45% of this
water coming from groundwater sources (Longworth et al., 2010). The majority of groundwater
recharge in this region is sourced from snowmelt (Earman, 2006; Tolley, 2014). Climate change
is causing snowpacks to thin and melt earlier in many watersheds (Mote et al., 2005). This has a
significant impact on local and regional water balances, effecting the magnitude and timing of
groundwater recharge and surface runoff. Climate change can impact Southwestern watersheds in
other ways including: increased occurrence and severity of droughts, increased occurrence and
severity of forest fires, and increased tree mortality from insects and disease (Allen, 2010).
Determining how changes in factors such as temperature, land-use/land-cover, and snowpack
(perturbations) affect groundwater recharge is critical in evaluating the long-term sustainability of
water resources in the region. However, the watershed response to these perturbations remains
poorly quantified, especially with respect to regional groundwater flow, groundwater/surfacewater interactions, and variability in geology as it impacts hydraulic properties. Recent research
has highlighted the need for a better understanding of the connected hydrologic cycle, especially
as it relates to old groundwater inputs (Maxwell et al., 2015). This fundamental knowledge gap
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can lead to an improper characterization of the watershed response to perturbations such as climate
change.
Traditional watershed models consider only those stressors or perturbations that occur
within the watershed boundaries defined by the surface-water divide. For example, if snowpack
decreases in an individual watershed, then only the perturbed watershed will respond to the change
in snowpack. In this case, a subsequent reduction in streamflow is expected to occur within that
specific watershed. This is traditionally defined as the watershed response. These types of studies
have been conducted on numerous watersheds, yet these studies only focus on the groundwater
response within a single watershed (Merritt et al., 2006; Jyrkama et al., 2007; Engdahl et al., 2015).
However, groundwater models that do not incorporate the regions adjacent to the watershed will
not properly simulate groundwater discharge and age, due to the differences in groundwater and
surface-water divides (Harding, 2012). This is especially critical when interbasin groundwater
flow is considered. IGF occurs when water recharges in the contributing watershed, flows beneath
the surface-watershed divide, and discharges into an adjacent receiving watershed. There is a
growing field of evidence indicating that interbasin groundwater flow (IGF) plays a larger role
than previously thought (Gardner et al., 2011; Gillespie et al., 2012). Unfortunately, it is extremely
difficult to identify the presence and magnitude of IGF in the field and this further complicates our
ability to quantify its role in the watershed response to climate change in hydrological models
(Genereux, 2006; Frisbee et al., 2016). On a fundamental level, the presence of IGF questions how
“watershed response” is defined. If several watersheds are in hydrological communication through
IGF, then how does the observed response compare to an individual watershed response to
perturbations?
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The previous chapter outlined the regional extend of IGF in the Tusas Mountains. In this
chapter, I examine the role of differing amounts of IGF connection on response time of
perturbations through watersheds. By varying the extent of IGF which occurs in each watershed
as outlined in the previous chapter, I can better study what the expected response time may be
under land-use and climate changes. This provides a conceptual framework that will be tested and
refined in future hydrogeological models of the region.
Estimating Response Time to Perturbations
Response times for topography driven flow can be estimated using an equation derived for
steeply sloping aquifers given by Knight et al., 2005
𝑡𝑅 =

𝑆𝐿2
𝐾(ℎ0 − ℎ1 )

Where
tR is the response time of the aquifer (T)
S is the specific yield
L is the flow length (L)
K is the saturated hydraulic conductivity (L T-1)
h0-h1 is the change in land surface elevation along the aquifer
Specific yield was estimated for medium grained sandstone from Morris and Johnson
(1967) to be 0.27. Hydraulic conductivity was estimated from calibrated model results at a value
of 350 m/yr. Flow length was measured from the western ridge of Canjilon across the three
watersheds in Vallecitos. Elevation was extracted at each point from DEMs of the area.
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Results
Figure 9 shows the response time for three different IGF flowpath configurations. The blue
line represents a continuous flowpath from Canjilon to El Rito, the orange line represents a
continuous flowpath from El Rito to Vallecitos, and lastly the gray line represents flowpaths
originating in Vallecitos. As we have seen both from modeling results and geochemical analysis
(see previous chapter), El Rito and Vallecitos likely represent a mixture of water from IGF and
local sources. Therefore, their response time will lie on a mixing line, depending on the amount of
IGF they receive. These lines are shown in figure 9 as mixing lines. In El Rito, the local response
time is 38 years and the IGF response time is 80 years. Because the water sourcing El Rito creek
is a mixture of water from local and IGF sources, the expected response time to perturbations will
likely lie somewhere between these two values depending on the amount of IGF it receives. The
local response time of Vallecitos creek is 104 years, the response time from El Rito to Canjilon is
166 years, and the response time from Canjilon to Vallecitos is 206 years. Like the example in El
Rito, the expected response time to perturbations in Vallecitos likely lies somewhere between the
three values, again depending on the amount of IGF that is occurring.
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Figure 9. Changes in response time along the regional flowpath under different IGF flowpath
configurations. The blue line represents the watershed divide between Canjilon and El Rito. The
orange line represents the watershed divide between El Rito and Vallecitos.
Discussion
IGF brings water from sources outside the basin and mixes with additional water from local
sources. Water from local sources typically has shorter flowpath distances than water from outside
the basin. Since the response time scales with flowpath length squared, this implies that water from
outside the basin having much longer flowpaths has longer response times than water from local
sources with correspondingly shorter flowpaths. As shown in figure 9, the local response time in
El Rito is half the response time of water from IGF sources. If many of these springs are primarily
sourced through IGF, as some of the geochemical information suggests (see previous chapter),
then these springs may take a longer to respond to the effects of reduced recharge from climate
change. In Vallecitos, the IGF flowpath has some of the longest response times. However, as the
previous chapter indicated, the amount of IGF that occurs in Vallecitos is quite small. Therefore,
the integrated response time of the Vallecitos watershed is likely closer to the local response time
than the IGF response time. It is uncertain how/if reductions in atmospheric forcing will affect the
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flow along these flowpaths. An alternative explanation is that the response times will be much
shorter in reality since hydraulic forcing will be reduced if recharge is reduced (i.e., it becomes
more difficult to move the water that is in the aquifer as recharge is increasingly reduced). In any
case, this provides a simple conceptual framework to estimate the effects of IGF on the timing of
watershed responses. Future hydrogeological modeling will further constrain these estimates.
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BUILDING A 3D GEOLOGIC MODEL FOR FUTURE USE IN
HYDROGEOLOGICAL MODELING

Introduction
In the previous chapter, we presented estimates of the response time of perturbations under
differing IGF conditions. However, these estimates are very rough and do not provide information
about the magnitude of perturbations. In this chapter, I present a geological model, which will be
used in later work to construct a hydrogeological model to determine the magnitude of changes
and better refine the response time in the receiving watershed in response to climatic and land use
change in the contributing watershed.
Geological Modeling
Geologic modeling in the El Rito area presented a series of challenges due to its remote
location and the lack of recent geologic mapping. While some areas had been recently mapped as
part of the ongoing New Mexico GM-series geologic maps, other areas have never been mapped
at the 1:24,000 scale and only have information at the 1:48,000 scale from the 1960s (Doney,
1968). These maps were scanned and digitized in ArcGIS. To understand the 3D structure of the
subsurface, published cross sections were georeferenced into Leapfrog. In addition to published
cross sections, cross sections were hand drawn using geologic information from published maps.
The combination of both allowed for a broad coverage of the subsurface geology (Figure 10).
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Figure 10. 3D figure showing cross sections used in Leapfrog Geo geologic modeling
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The geologic modeling of the Tusas Mountain area can be broken into three sections: 1)
Precambrian basement rock, 2) Pennsylvanian through Cretaceous basin fill deposits, and 3)
Cenzoic conglomeritic rocks. The Precambrian geology of the Tusas Mountains is incredibly
complex and outside the scope of this study. Therefore, the basement materials were lumped
together and treated as one homogeneous low-permeability unit. Basin fill deposits were assumed
to have constant thickness as shown in published cross sections for the area (Doney, 1968). This
simplified the geologic modeling and the main difficulty was recreating the structural features.
The main structural feature in the basin fill is a bend, which strikes N-S. This feature was created
using the moving plane object in LeapFrog. Using a combination of published cross sections and
hand drawn cross sections, planes were placed at geologic contacts to estimate the features.
Cenozoic units were formed from large debris flows on alluvial fans or volcanoclastic
deposits. This presents several unique challenges due to their varying thickness and lateral
discontinuity. Paleotopography due to discontinuities between each Cenozoic deposit could cause
thickness variations throughout each of the units. However, due to a lack of published information
on these discontinuities, all contacts between units were assumed to be planar. Geologic maps were
digitized across the study area and contacts were used to create thickness maps using TIN features
in ArcGIS. By interpolating contacts across topographic features, highly varied units could be
quickly mapped and approximate thicknesses could be determined (Figure 11). The lateral extent
of certain units was difficult to ascertain from given information. For example, while the El Rito
formation is present in the Cebolla and Valles Peak quadrangles (Doney, 1968; Kempter et al.,
2008), it is absent from the Cañon Plaza quadrangle (Abby, 2012). Therefore, it is inferred that
somewhere between the two quadrangles the El Rito formation thins out.
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The soil zone was not considered in this model, and only bedrock units were used. Previous
geochemical analyses show that the soil zone does not play a large role in the subsurface hydrology
(See geochemical chapter).

Figure 11. Process used for creating thickness maps of Cenozoic units from geologic maps.
Corresponding contacts are shown with blue lines.
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Assumptions in the Geological Model
Geologic maps of the area show that the underlying Precambrian basement is highly
complex, undergoing extensive deformation which is too complex to include in the geologic model
for this project. Therefore, the basement was considered to be one large homogeneous unit, and
flow through the basement was considered minimal. This is not always an appropriate or realistic
assumption. For example, there are numerous areas where flow has been observed through
fractures in otherwise low conductivity bedrock (Aeschback-Hertig et al., 1998; Cook et al., 2005;
Frisbee et al., 2011). However, there is large uncertainty regarding the porosity structure of the
basement bedrock since it is largely undifferentiated. The Ortega Quartzite which outcrops in the
study area has very low primary porosity, but has some secondary porosity through fractures. In
any case, it’s unlikely that the underlying basement rock plays a significant role in groundwater
and surface-water interactions in the Canjilon and El Rito watersheds since the upper stratigraphic
layers have much higher primary porosities and conductivities.
Determining the depth to crystalline bedrock can be done using various geophysical
techniques (Keating et al., 2004). However, this requires large amounts of preprocessing along
with geophysical knowledge, which was outside the scope of the project. Therefore, depth to
basement was estimated using known outcrops of basement material. By interpolating between
basement outcrops, approximate estimates of depths to bedrock were determined. These estimates
cannot account for things such as paleotopography and unconformities. As in most geologic
models, large assumptions about the heterogeneity of units was required. Previous study of these
units has found multiple distinct sub-units that were not included in this model (Maldonado et al.,
2009). Due to the fluvial nature of the deposits, there can be regions of significantly higher
conductivity, which can cause preferential flow to occur (Poole et al., 2006). Likewise, there can
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be regions of very low conductivity, which may contribute much older groundwater to the system
(McCallum et al., 2014).
Geological Model
Figure 12 shows the completed geological model of the study area. Underlying all the units
is the Precambrian bedrock shown in orange. On the left side of the model are the basin fill units.
Overlying the both units are the Cenozoic units shown in green and purple.

Figure 12. Completed Geological Model of the Study Area.
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CONCLUSIONS AND FUTURE WORK

In this thesis, I quantify processes that effect IGF in the El Rito area and the potential
impacts of IGF to climatic perturbations. In the first chapter, I lay out a methodology which can
be used to constrain the maximum amount of IGF that occurs in the Vallecitos watershed. This
method can be used in other areas where geological differences allow for geochemical separation.
The second chapter shows the development of the geological model for the El Rito area, and simple
estimates of response, which reveal IGF plays a major role in determining the timescales of
response time. In many cases, IGF may provide a dampening effect on climate change. This makes
identifying areas receiving IGF critical, especially in water-stressed areas.
Whenever protected species are identified in groundwater-dependent ecosystems, the focus
of the protection is on the area immediately surrounding the spring. However, when we consider
regional groundwater flow and IGF, we must consider protecting a larger area. The Edwards
aquifer in Texas, which has been well studied as a regionally connected aquifer (Maclay, 1995),
has shown that water management strategies must be regional and not local. Many of the springs,
which fish and other aquatic organisms rely on, can have substantially decreased springflow during
droughts due to overpumping (Vottler, 1998). Like regionally connected aquifers, IGF causes local
changes in one area to have regional impacts on the entire aquifer. If IGF is a commonly occurring
process, then we must rethink the way we define protection zones.
Future work will use the geological model as a starting point to construct a hydrogeological
model. This model will subsequently be used to simulate the effects of land use and climate change
on watersheds connected through IGF. In areas where IGF is present, even if the receiving
watershed remains unchanged, changed in the contributing watershed can still effect the receiving
watershed. By changing the contributing watershed and observing both the timing and magnitude
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of changes in the water budget of the receiving watershed, we can gain new information about how
IGF connected watersheds response to external perturbations. Additionally, we can determine the
water mass that is being transported through IGF from Canjilon to El Rito and then from El Rito
to Vallecitos.
There are several main points that should be taken away from this research: 1) Determining
IGF contributions to water and solute fluxes in watersheds requires studying not just the watershed
of interest, but also possible contributing adjacent watersheds. 2) Localized stratigraphic features
play a large role in the regional occurrence of IGF. 3) While incongruent weathering has been
observed in watersheds throughout the world, incongruent weathering in many conglomerates is
more pronounced due to rocks that have formed under different stability conditions becoming
incorporated into new material. 4) IGF may result in an increase in the integrated response time of
receiving watersheds to external perturbations such as climate change and land use. Policy makers
must take these factors into consideration when making decisions about how they should define
protection zones and plan for future changes due to climate change.

